. Chronic stressors, either exposure to synthetic glucocorticoids or psychological stressors such as restraint, can impair spatial memory (e.g., tested in maze tasks) in adult animals, and these effects may be mediated by alterations to the hippocampus, which is a particularly stress-sensitive region of the brain (Luine, Villegas, Martinez, & McEwen, 1994; Yau et al, 2011 ; but see Lui et al., 2017) .
These deficits are typically exhibited soon after the stressor exposure has terminated, and are often temporary (i.e., no longer evident after an 18-day stress-free period; Luine et al., 1994) .
In contrast to these temporary impairments in adult animals, chronic stress in adolescence often leads to very long-lasting deficits. For example, exposure to chronic social instability stress during adolescence was reported to impair long-term memory in the Morris Water Maze even when animals were tested as adults (Green & McCormick, 2013) .
In another study, stressed adolescents were impaired even when tested twelve months following the termination of the stressor (Sterlemann et al., 2010) . The long-lasting spatial memory deficits observed following adolescent stress suggests that chronic stressors have a more enduring impact on adolescents than it does on adults. However, from these studies it is unclear whether this long-term effect of stress exposure is specific to adolescents as these studies did not include groups that received similar stress exposure at different ages, either younger or older, and then tested on the same spatial memory task.
As noted by Brydges (2016) , while there has been considerable interest in "the consequences of stress experienced in perinatal and adolescent phases, however, until recently, comparatively less was known about the effects of stress experienced in the childhood or pre-pubertal phase. " (p. 8) . In this more recent work, there have been several demonstrations of striking changes in the brain and behavior of animals exposed to stress during juvenility, the postweaning to prepubertal period of development, in some cases requiring exposure to another stressor in adulthood (for reviews see Albrecht et al., 2017; Brydges, 2016; Ritov, Ardi, Horovitz, Albrecht, & Richter-Levin, 2017 ). This work has focused largely on the long-term effects of such stress exposure (i.e., animals tested in adulthood), and on anxietyand depressive-related behaviors, but in some instances juvenile stress exposure (at P27-29) induced anxiety-like behavior in adulthood and a reversed pattern (i.e., non-anxious behavior) in juvenility (Jacobson-Pick & Richter-Levin, 2010) . In that study, Cort injection recapitulated most of the immediate and long-term effects of juvenile stress exposure (via forced swim, elevated platform exposure, and restraint), suggesting that stress hormone exposure during the juvenile period can result in different short-and long-term behavioral effects.
In the present study we further explored the short-and long-term effects of exposure to a chronic stressor (administration of the stressrelated hormone Cort in the animals' drinking water for 7 days) on object place and object recognition memory (which are hippocampally and non-hippocampally mediated, respectively) when that stress exposure occurs at one of two different times in prepuberty. Both acute and chronic stress has been shown to impair spatial memory on the hippocampally dependent object place task in several studies with adult rats (Baker & Kim, 2002; Luine, 2002 ) and so we predicted that animals exposed to Cort as adolescents (P29-P36), and possibly also as juveniles (P21-P28), would show impaired memory for locations of objects. We tested animals six days after the termination of stress exposure, when all were in the adolescent period of development, and a subset were also tested 6 weeks later in adulthood to determine whether the long-term effects of chronic stress differed depending on when in development it occurred.
| ME THOD

| Subjects
One hundred and seven experimentally naive male Sprague Dawley rats were used. They were obtained from a breeding colony in the School of Psychology at UNSW Sydney, and housed in groups following weaning at P21 or P22. Three to four animals were housed in plastic boxes (60 cm × 30 cm × 12 cm; L × W × H) with wire tops (total height 27.5 cm). Food and water were available ad libitum, and the rats were kept on a 12 hr light/dark cycle. All procedures were conducted in accordance with the Australian Code of Practice for the Care and Use of Animals for Scientific Purposes (8th Edition, 2013) , and approved by the UNSW Animal Care and Ethics Committee.
| Corticosterone administration
There were three treatment groups in this experiment: corticosterone (Cort), vehicle (Veh), and water. Animals in the Cort condition were given 200 μg/ml of Cort in their drinking water (Catalani et al., 1993; Den, Altmann, & Richardson, 2014) . The Cort was dissolved in 2.5% ethanol and therefore we included a vehicle group that received 2.5% ethanol in their drinking water. As ethanol has been shown to induce spatial memory deficits lasting up to 25 days posttreatment in adolescent animals when administered daily via injection for 5 days at a dose of 2 g/kg (Sircar & Sircar, 2005) , a third group received normal tap water to determine whether administering 2.5% ethanol in the drinking water had any short-or long-term effects.
We chose to administer Cort in the animals' drinking water because it mimics characteristics of chronic stressors. For example, like daily life stressors, Cort exposure may produce sustained changes in affective and anxiety-related behavior (Gourley & Taylor, 2009 ). Further, this treatment has been shown to produce structural remodelling of the hippocampus (Gourley, Swanson, & Koleske, 2013) as well as long-lasting helplessness-and anhedonic behavior (Gourley & Taylor, 2009) which are similar to changes seen following early life stress in humans (Heim & Binder, 2012) .
Those animals in the juvenile condition (groups: JuvWater, JuvVeh, and JuvCort) received their designated treatment for 7 days starting on P21 or P22 (referred to as the P21-P28 condition hereafter) while animals in the adolescent condition (groups: AdolWater, AdolVeh, and AdolCort) also received their designated treatment for 7 days starting on P29 or P30 (referred to as the P29-P36 group hereafter). Drinking bottles were weighed across the course of treatment in order to calculate the amount of Cort consumed by each cage of rats. The bottles were checked daily, and refilled as needed.
After the 7 days of treatment, all animals were given regular drinking water in a 6-day washout period before the first tests.
| Apparatus
Animals were tested in a 60cm 3 arena that had black Perspex walls, and a clear Perspex floor with a grey board underneath. The flooring displayed a grid of 16 squares (13.5 cm × 13.5 cm), outlined with black stripes (1 cm thick). Three plastic objects (height ranging from 15.5 cm to 23 cm) were used as stimuli in the novel object recognition/place tasks: a Gatorade™ bottle with no wrapper filled with pink Gatorade™, a Lipton Ice Tea™ bottle with the wrapper filled with Lipton Ice Tea™ diluted to 75%, and a toy figure of Homer Simpson™. A video camera was placed above the arena in order to record the rats' behavior.
| Habituation
The procedures for novel object recognition and place recognition were adapted from those used by Beilharz, Maniam, and Morris (2014) and Westbrook, Brennan, and Stanton (2014) . On the fifth and sixth days of the washout period, animals were pre-exposed to the arena for 10 min per day. On each of these days the rats were placed in the bottom left corner of the arena, facing the wall, and then allowed to freely explore the arena for 10 min. The arena was cleaned with 70% ethanol between each rat. No objects were present in the arena during habituation.
| Familiarization
Starting the day after habituation was completed the animals were tested on the object and the place version of the task over two consecutive days (i.e., one task per day). The order of the two tasks was counterbalanced such that approximately half of the rats underwent the object task first and approximately half underwent the place task first. Animals were weighed on the first day of testing, regardless of type of task.
Both tasks began with a familiarization phase. For the familiarization phase, two identical objects were placed in the arena. The rat was allowed to freely explore the arena and objects for 5 min and the time spent with each object was recorded (with a handheld stopwatch). The animal was then returned to its home cage for 5 min.
The objects and the arena were cleaned with 70% ethanol while the rat was in its home cage. An animal was considered to be "exploring" the object if its nose was touching the object and it was actively interacting with the object. If an animal explored at least one object for 1 s or less, it was returned to its home cage, and refamiliarized at least 10 min later. If the animal once again explored one or more objects for 1 s or less, the animal's familiarization and test data from that task were excluded from the analysis.
| Object task
Five minutes following familiarization, the animal was returned to the arena for test. One object was replaced with an identical copy of the object presented during familiarization and the second object was replaced with a novel object ( Figure 1a ). Objects were counterbalanced between animals. The animal was allowed to freely explore the arena for 3 min, and the time spent exploring each object was recorded. Following testing, the animal was returned to its home cage and both objects and the arena were cleaned with 70% ethanol.
| Place task
As in the object task, the animal was returned to the arena five minutes after familiarization. Both objects were identical to the ones presented during familiarization, but one was now placed in a novel location ( Figure 1b) . The original/novel locations were counterbalanced such that on approximately half of the trials the first configuration in Figure 1b was the novel configuration and on the other half it was the familiar configuration. The object used in the place task was the same one that was designated as the "familiar" object on the object recognition task. Following testing, the animal was returned to its home cage and both objects and the arena were cleaned with 70% ethanol.
| Six-day and six-week tests
All animals were first tested on the object and the place version of the task over two consecutive days beginning 6 days after the termination of treatment (referred to as the 6-day test). A 6-week posttreatment test was conducted to determine whether any effects produced by treatment exposure (i.e., Veh or Cort) persisted into adulthood. A total of 82 animals were tested 6 ± 1 weeks after treatment. Fifty-five of these animals had been tested on the 6-day test while the other 27 had not been. Prior to test at this interval, all animals were habituated to the test arena, as described earlier.
To increase the novelty of objects for those animals tested at both time points, the pairs of objects used in the object recognition task were altered such that at least one object was not present at both the 6-day and 6-week testing points. If one of the objects in the pair was present at both testing points, its role was reversed such that an object that was "novel" at the 6-day test was "familiar" at the 6-week test, and vice versa. The objects used in the place task were different from those used in the place task at the 6-day test.
| Retention ratio
For both versions of the task a retention ratio was derived for each animal, such that the time spent with the novel object (or the object in the novel location) at test was divided by the time spent with both objects (t novel /t novel + t familiar ). Ratios of 0.5 indicate no memory (i.e., chance performance) while higher ratios indicate memory. If, on either task, the animal explored either object for less than one second during the test phase, then familiarization and test data from that task were excluded from the analysis.
| Statistical analysis
All analyses were conducted using IBM SPSS Statistics Version 24.
Analysis of Variance (ANOVA) was used to examine whether there were weight differences across treatments at each test interval (i.e., 6 days and 6 weeks). Student-Neuman-Keuls (SNK) pairwise comparisons were used to examine any significant effects. A t test was used to compare juvenile and adolescent Cort consumption.
We predicted that water-exposed animals in the two age of exposure groups would perform similarly on each task and this was confirmed with t tests. As there were no differences in retention ratios for both tasks or in time spent exploring the objects during the familiarization session (largest t 23 = 1.76, p = 0.092), the two groups were collapsed into a single "water" group for further analyses. Oneway ANOVAs were used to determine whether there was any group difference in familiarization time. Given that our hypotheses involved predictions about memory retention being impaired by Cort exposure (i.e., performance relative to a no preference condition) the retention ratios of each of the five groups were compared to 0.5 (chance performance) using one sample t tests, following conventions in the literature Cohen & Stackman, 2015; Dix & Aggleton, 1999; Westbrook et al., 2014) . These t tests were Bonferroni corrected for multiple comparisons, such that alpha was set at p = 0.01. For all other comparisons alpha was set at p = 0.05.
Across the four sessions (i.e., object familiarization, object recognition test, place familiarization, and place test) at each of the two intervals (i.e., 6 days and 6 weeks) there were 648 data points.
Forty-four of these (i.e., 6.8% of the total) were excluded from analyses because of a failure to explore either item for more than a second (during familiarization or test), the animal moving items during testing, or experimenter error (e.g., the session was not recorded).
A subset of the test data (2-4 rats per condition) was scored by a second observer who was blind to experimental condition.
Interobserver reliability was high (r 54 = 0.80, p < 0.001).
| RE SULTS
| Corticosterone consumption
An independent samples t test showed that the average amount of Cort consumed by each cage of animals did not differ between the juveniles (M = 37.27, SD = 9.62 mg kg −1 day −1 , n = 6 cages) and adolescents 
| Object exploration during familiarization
One-way ANOVAs showed that there were no group differences in exploration time during the familiarization session for either task (Object recognition task: all groups M > 23.1 s; Place recognition task: all groups M > 25.1 s), both Fs < 1).
| Object memory
All groups had high retention ratios on the object task at the 6-day test, as shown in Figure 2a . One-sample t tests compared performance to a criterion of 0.5 (chance performance) with a Bonferroni correction for comparisons. The t tests confirmed that all groups differed significantly from 0.5, indicating that all groups demonstrated evidence of object memory (Figure 2a ; Water, t 21 = 9.18, p < 0.001; JuvVeh, t 10 = 5.04, p = 0.001; JuvCort, t 11 = 4.85, p = 0.001; AdolVeh, t 14 = 5.24, p < 0.001; AdolCort, t 13 = 8.67, p < 0.001). Figure 2b shows that water controls had a high retention ratio at the 6-day place memory test but all other groups performed around chance levels. This pattern of results was confirmed with one-sample t tests that revealed the only group to perform above chance was the water group, t 24 = 6.91, p < 0.001 (the largest t value for the other four comparisons was for the AdolCort group, t 14 = 1.96, p = 0.07). These results show that both Cort and Veh (i.e., ethanol) exposure impaired spatial memory in adolescent rats when administered in either the juvenile or adolescent period when test occurred shortly after treatment had terminated (i.e., ~1 week).
| Place memory
| Six-week test
| Weight
At the 6-week test, a 2 (age of exposure: adolescent or juvenile) × 3 (treatment: Cort, Veh, or water) ANOVA showed that weight did not differ by age of exposure (F (1,72) < 1.0, p = 0.599) or exposure type (F (2,72) < 1.0, p = 0.994). That is, the body weight of the animals exposed to Cort had recovered completely by this time.
| Object exploration during familiarization
There were no group differences in the time spent exploring the objects during familiarization for either the object (all groups M > 26.9 s) or place task (all groups M > 24.4 s), Fs < 1.
| Object memory
All groups had retention ratios on the object memory task larger than 0.64 (Figure 3a) . For most of the groups the Bonferroni-corrected F I G U R E 2 Mean (± SEM) retention ratios for the object task (a) and the place task (b) at 6 days posttreatment. All groups had object retention ratios significantly greater than chance performance (a), indicating comparable object memory across groups (ns: Water = 22, JuvVeh = 11, JuvCort = 12, AdolVeh = 15, AdolCort = 14). The only group with a place retention ratio significantly higher than chance performance was the water group. Figure 3b shows that water-and vehicle-exposed animals appeared to have high retention ratios. However, retention ratios were markedly different depending on whether animals received Cort treatment as juveniles or adolescents, with only the latter group exhibiting chance performance on this task. corrected one-sample t tests revealed that the Water (t 21 = 3.56, p = 0.002), JuvVeh (t 9 = 6.80, p < 0.001), and JuvCort groups (t 13 = 3.15, p = 0.008) all had retention ratios significantly higher than chance. The AdolVeh group was marginally above chance performance (t 14 = 2.95, p = 0.011).
| Place memory
In contrast, the AdolCort group were clearly impaired on this task (t 14 = 0.13, p = 0.90).
| D ISCUSS I ON
In this study we investigated the short-and long-term consequences of chronic stressor exposure during adolescence as compared to during the juvenile period on spatial memory. We showed that exposure to Cort (dissolved in 2.5% ethanol), or to water containing just 2.5% ethanol (i.e., vehicle), either during the juvenile period or during adolescence affected recall of the location of an object in space (place memory) but did not affect the identification of a novel object (object memory) 6 days after the termination of treatment. However, animals exposed to Cort or vehicle as juveniles did not have spatial memory impairments as adults (6 weeks following treatment termination) while those exposed to Cort as adolescents exhibited a persistent spatial memory deficit. The spatial memory impairment caused by exposure to ethanol alone in adolescence had largely remitted by adulthood.
As noted in the Introduction, the majority of studies that have examined the behavioral effects of pre-pubescent stress have focused on anxiety-and depressive-like behaviors in adulthood. For instance, chronic stress that occurs during the late juvenile period (P27-P29) has been shown to affect stress-coping responses (as measured by an increase in learned helpless-like behavior) in adulthood (Tsoory & Richter-Levin, 2006) . Some of these studies have, however, assessed object recognition memory and spatial memory.
For example, in one study pre-pubertal stress was found to impair object recognition in adult males rats (Arcego et al., 2016) . In the present study, prepubertal stress did not affect object recognition memory either 6-days or 6-weeks after the stress exposure had terminated (with the latter time point being in early adulthood). The cause(s) of this different pattern of results is unclear, but may be due to the different stressor used in the two studies (i.e., 1-week of Cort in the drinking water, from P21 or P29, in the current study vs 1-week of social isolation, from P21, in the study by Arcego et al.) . In another study, a sex-specific effect of pre-pubertal stress experience on adult performance on a Morris Water Maze (MWM) was reported. Specifically, Brydges, Wood, Holmes, and Hall (2014) found that prepubertal stress (at P25, 26, and 27, corresponding to the latter part of our juvenile stressor exposure) had no impact on the performance of adult males on the MWM, but that it enhanced performance of adult females. In the present study, which only tested males, we also did not observe any effect on object place memory (a task that is hippocampally mediated just like the MWM) in adulthood for those animals exposed to chronic Cort when juveniles. Thus, despite differences in the stressor used (i.e., Cort in the drinking water in the present study vs. acute exposure to different physical stressors across three days in Brydges et al.) , as well as the different test procedure used (i.e., object place memory vs. MWM), stressor exposure in juvenility did not induce long-lasting spatial deficits in males. Given that sex differences were reported in the F I G U R E 3 Mean (± SEM) object (a) and place (b) retention ratios at 6 weeks posttreatment. All groups had retention ratios on the object memory task larger than 0. long-term effects of stress experience in that previous work it will be interesting to determine whether females respond similarly or differently to males when the current stress exposure and memory test procedures are used.
The finding that spatial memory deficits persist into adulthood in those exposed to Cort and partially in those exposed to vehicle as adolescents, but not juveniles, suggests that adolescents are more sensitive to stressors, and perhaps also ethanol exposure, than another group of pre-pubertal animals (i.e., juveniles). Therefore, it is likely that adolescents are not sensitive to stressors simply because they are prepubertal but rather that there is a more pronounced vulnerability to stress, and perhaps ethanol, in this developmental period. This sensitivity may be the result of the marked physiological and psychological changes that occur during the adolescent period of development (Romeo, 2013) . For example, not only are stress-sensitive regions of the brain, like the hippocampus, continuing to mature during adolescence (Gomez & Edgin, 2016) , but such regions of the brain are potentially exposed to Cort, and its structural modifications (Gourley et al., 2013) , for much longer periods after a chronic stressor in adolescence, at least when compared to older ages (Doremus-Fitzwater et al., 2009) , resulting in substantial functional impairments as a consequence (Romeo, 2013) . It should be noted that our finding was not due to any differences in exploration time between groups during object familiarization. Instead, our results support the idea that the brain regions necessary for spatial memory, particularly the hippocampus, are more susceptible to stress when this stress exposure occurs during adolescence.
Juvenile and adolescent animals consumed a similar amount of Cort relative to body weight and short-term, but not long-term, reductions in body weight were found after 7 days of Cort treatment in both groups, replicating reports in adolescent rats following 28 days of Cort exposure (Kaplowitz et al., 2016) . Ethanol exposure alone did not impact weight in either age group. Taken together, these findings suggest that both age groups showed a similar physiological response to the treatments. It should be noted that circulating levels of Cort either immediately after treatment or at the time of testing were not measured in this study. Given that Cort consumption per kilogram of body weight was similar across age groups, one might assume that circulating levels of Cort would be the same across age groups during the period of exposure but that assumption is untested and should be explored in future experiments. It is perhaps less likely that differing levels of circulating Cort at test could explain why juvenile-exposed animals showed impaired place memory at the 6-day test but not at the 6-week test whereas adolescents were impaired at both tests. With respect to Cort levels at the time of testing, one study has reported that pre-pubertal animals exposed to stressors exhibited similar high levels of circulating Cort after behavioral testing (in open field and elevated plus maze) in juvenility or adulthood despite opposite phenotypes of anxiety-like behavior in those tests (i.e., non-anxious and anxiety-like, respectively; Jacobson-Pick & Richter- Levin, 2010) . This suggests that circulating Cort levels, at least at the time of testing, do not necessarily explain differences in behavioral responses to stressors.
As noted earlier, we found that, after a 6-day washout period, animals exposed to Cort or to the ethanol vehicle displayed impaired spatial memory, regardless of whether that exposure occurred during the juvenile period or adolescence. Although we did not observe any behavioral effect of an even higher dose of ethanol (5%) after a similar washout period in a previous study on fear conditioning and extinction in adolescent rats , the current findings fit with several reports of ethanol impairing hippocampally dependent memory in adolescent rats (e.g., Hunt & Barnet, 2016; Markwiese, Acheson, Levin, Wilson, & Swartzwelder, 1998; Sircar, Basak, & Sircar, 2009; White, Ghia, Levin, & Swartzwelder, 2000) . Furthermore, to our knowledge, no previous studies have examined the effect of juvenile ethanol exposure on spatial memory, although there is evidence that ethanol exposure across infant and juvenile ages (from P15-P25) impairs N-methyl-d-aspartate receptor-mediated postsynaptic potentials and long-term potentiation in the hippocampus, with this effect observed to a smaller degree in adult rats (Swartzwelder, Wilson, & Tayyeb, 1995) . Considering that long-term potentiation is thought to be necessary for the laying-down of long-term memories (Warburton, 2010) , this could be a mechanism by which ethanol impairs spatial memory of juvenile, and potentially also adolescent, animals. However, as far as we know, our study is the first to show that exposure to a relatively low dose of ethanol (2.5% in the drinking water) during prepuberty can impair spatial memory, at least temporarily.
Overall, this experiment has brought to light two main findings. First, our results suggest that adolescents may be particularly vulnerable to the effect of chronic Cort exposure, as those exposed to Cort as adolescents displayed impaired spatial memory weeks after the termination of the treatment. In contrast, those exposed to the same treatment during the juvenile period demonstrated intact spatial memory 6 weeks after treatment. These results align with other studies that have shown that another form of learning, namely fear extinction retention, is affected more by chronic Cort exposure that occurs during adolescence as opposed to adulthood or during the juvenile period Stylianakis, Richardson, & Baker, 2017) . Second, our study also demonstrates that exposure to ethanol or Cort in either the juvenile or adolescent period impairs hippocampally dependent place memory shortly (i.e., 6 days) after exposure to the treatment. The fact that spatial memory was impaired 6 days after exposure to ethanol alone suggests that spatial memory can be affected by even a low dose of ethanol exposure administered during the juvenile period or adolescence, which adds to a body of literature suggesting that early alcohol exposure is associated with negative neurological outcomes (Ehlers & Criado, 2010; Swartzwelder et al., 1995) . To better understand the mechanisms by which ethanol exposure or chronic stressors impair hippocampally dependent memory, future studies could directly examine Cort or ethanol-induced changes in the neural circuitry mediating spatial memory, with a particular focus on the hippocampus.
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